Abstract-A sequence of partially reflective slots etched into an active ridge waveguide of a 1.5 µm laser structure is found to provide sufficient reflection for lasing. Mirrors based on these reflectors have strong spectral dependence. Two such active mirrors together with an active central section are combined in a Vernier configuration to demonstrate a tunable laser exhibiting 11 discrete modes over a 30 nm tuning range with mode spacing around 400 GHz and side-mode suppression ratio larger than 30 dB. The individual modes can be continuously tuned by up to 1.1 nm by carrier injection and by over 2 nm using thermal effects. These mirrors are suitable as a platform for integration of other optical functions with the laser. This is demonstrated by monolithically integrating a semiconductor optical amplifier with the laser resulting in a maximum channel power of 14.2 dBm from the discrete modes.
I. INTRODUCTION
W IDELY tunable semiconductor lasers will play an important part in next generation optical networks. Tunable lasers are essential in wavelength-agile networks and as a means to reduce costs as sparing lasers in wavelength-division multiplexing (WDM) systems. New approaches to data transmission such as coherent WDM (CoWDM [1] ) require discrete tuning between particular wavelength channels on a grid. There is additionally an urgent need to integrate semiconductor lasers with other optical components such as amplifiers, modulators and detectors [2] - [5] in order to reduce chip cost, system size, and complexity. Tunable lasers are also needed in other important markets such as trace gas detection for environmental emission motoring [6] .
Laser operation requires optical feedback, which is conventionally obtained in a semiconductor Fabry-Pérot laser by cleaving the ends of the laser waveguide along either (0 1 1) or (0 1 −1) crystallographic planes to form two semireflecting facets. However, due to the need for cleavage, it is difficult to integrate these lasers with other optical components on a single chip. Distributed-Bragg-reflector (DBR) lasers and distributed feedback (DFB) lasers, which employ a series of small refractive index perturbations to provide feedback, do not rely on cleaved facets, and therefore, can be integrated with optical amplifiers and modulators [4] , [5] . However, complex processing with multiple epitaxial growth stages is required for fabricating these lasers. Another method to obtain feedback is to etch a facet. However, this approach is limited by difficulties in the smoothness and verticality of the etched facet, particularly, for structures based on InP materials.
Previously, it was shown that by introducing a shallow slot into the active ridge waveguide of a laser, the longitudinal modes of the Fabry-Perot (FP) cavity were perturbed according to the position of the slot with respect to the cleaved facets [7] - [9] . By judicious placement of a sequence of low-loss slots with respect to the facets, preselected FP modes could be significantly enhanced leading to robust single-frequency lasing with wide temperature stability [10] , [11] as well as tuning with fast switching characteristics [12] . More recently, we have characterized the properties of slots that are etched more deeply, namely, to the depth of, but not through, the core waveguide containing the quantum wells [13] . In that case, the reflection of each slot is of the order of ∼1% with transmission of ∼80% and the slot will strongly perturb the mode spectrum of the FP cavity by creating subcavities. The loss introduced by the presence of the slot is compensated by gain in the laser. An array of such slots can provide the necessary reflectivity for the laser operation independent of a cleaved facet where the gain between the slots compensates for the slot loss producing an active slotted mirror region. Such a mirror has been used in conjunction with a cleaved facet permitting the integration of a photodetector with the laser [14] .
In this paper, we use reflective slots and the associated mirrors as the platform technology for the realization of a facetless laser that can be tuned using differential current injection into different longitudinal sections. Furthermore, the integration of the tunable laser with an optical amplifier is also demonstrated. The electrical isolation between the different sections is made possible by the etched slots. The slots are realized by conventional photolithography and dry etching during the definition of the waveguide. As the technology is based on a generic single epitaxial growth stage and upon standard laser processing steps, it is compatible with implementation in a foundry.
II. TUNABLE LASER DESIGN
The semiconductor laser employing etched slots as the front and back mirrors is shown schematically in Fig. 1(a) . The laser consists of a central gain section with separately contacted back and front mirror sections. The laser was fabricated with cleaved facets that were angled at 7
• using a focused ion beam to minimize the reflections from the facet. The reflection from a single slot is relatively weak, so a series of slots distributed with a designed pattern is needed to provide sufficient feedback for lasing. However, because of the optical loss from the slot, the reflection from a group of slots will saturate quickly if the slot loss is not effectively compensated. In the design presented here, the mirror regions are also actively pumped, thus providing the necessary gain under current injection to compensate for the loss introduced by the slots.
In the following, the terms reflection and transmission refer to the field reflection and field transmission. The reflection from N equally spaced slots can be simply described by
where r s and t s are the reflection and transmission of a single slot, r t is the total reflection from the slot group, g is the net modal gain of the active waveguide between slots, l is the slot spacing, k = 2π/λ is the wave number in vacuum, and n eff is the effective index of the active waveguide. Thus, equally spaced slots will produce a periodic reflection spectrum with the free spectral range (FSR) determined by the slot spacing ∆λ = λ 2 /(2n g l), where n g = n eff − λdn eff /dλ is the group index of the active waveguide.
The maximum value and width of each reflection peak in the reflection spectrum is determined by the number of slots and the slot loss compensation level, which is determined by the factor γ = t 2 s exp(gl). Full slot loss compensation (i.e., all loss introduced by the slot is compensated by the gain in the regions between the slots) with γ = 1 results in the narrowest reflection peak. Fig. 2(a) shows the penetration depth of the field into the slot region normalized by the slot spacing, the full-width at half-maximum (FWHM) of the reflection peak normalized by the FSR, and the maximum value of the reflection peak normalized by the individual slot reflection versus the slot loss compensation factor γ for different numbers of slots. As can be seen from the figure, if the slot loss is strongly undercompensated (γ < 0.6), an increasing number of slots results in little difference in the reflection because the field decays quickly into the slot region. In the full compensation situation, the field penetrates halfway into the slot region and the reflection peak has a minimum normalized FWHM of approximately 1.21/N , as calculated from (1). In the overcompensated regime, the peak reflection increases exponentially with the compensation factor γ and the number of slots.
In Fig. 1 , the slot is assumed to be etched to the same depth as the waveguiding ridge. In practice, the slot depth can be accurately and independently controlled by use of etch stop layers and be used to adjust the reflection and transmission of the individual slots. Fig. 2(b) shows how the calculated reflection and transmission from a single slot changes with the etch depth [15] . A longitudinal cross section of a single slot simplified is schematically shown in Fig. 1(b) . The refractive index of the waveguide core layer is taken as 3.290, which is an average value over the core layers including the multiquantum well region and the upper and lower optical confinement layers. The index of the InP cladding regions is taken as 3.172. It is seen that a deeper slot yields a larger reflection as well as a smaller transmission or greater loss. The reference distance is from the top of the waveguide core [as shown in Fig. 1(b) ] and a negative value would describe an etching into the waveguide core region.
The reflectivity spectrum of the mirror can be designed with specific spectral properties to allow the realization of singlemode lasers, multimode lasers with specified mode spacing, or tunable lasers.
The
With this slot spacing, a discrete-mode hopping of 400 Ghz is achieved. The laser operates in a similar fashion to a surface grating Bragg reflector laser, as reported in [16] ; however, due to the large distance between the slots (∼100 µm), the mirror sections operates as a very high-order grating. The large distance between the slots is also beneficial in directly injecting carriers to these regions to produce active mirror sections.
Using the modeling results in Fig. 2(a) , nine slots in both reflectors were chosen as a tradeoff between maximizing the reflectivity and minimizing the width of the reflection peaks while also ensuring that the length of the laser was kept to a minimum. A laser with 11 slots in each mirror would provide narrower bandwidth of reflection peak and a larger section reflection; however, the length of each mirror section would be over 1 mm in length. Assuming the slot transmission and reflection are 0.7 and 0.12, respectively (the slot is assumed to be etched to exactly above the waveguide core), the slot loss compensation factor can reach, for example, 0.8. This compensation level can be achieved with a net modal gain of around 47 cm −1 , which is the net mode gain required by a 250 µm long FP cavity laser with cleaved facets to reach threshold. Under this situation, the maximum value of the reflection peak is calculated to be 0.52, the FWHM of the reflection peak is 0.5 nm, and the penetration depth into the slot region is about 260 µm. So, the effective cavity length is about 1020 µm long and the longitudinal mode spacing covered by the reflection peak is about 0.32 nm, which is larger than half of the FWHM of the reflection peak. Based on this estimation, a good side-mode-suppression-ratio (SMSR) from the laser could be expected from the design. We also have some margin to reduce the number of slots in the mirror sections; especially, we can reduce the slot number in the front mirror section to help boost the output power of the laser.
III. DEVICE CHARACTERIZATION
The tunable laser design described earlier was realized using the same fabrication steps as for a standard ridge waveguide laser. The laser epitaxial structure is a standard design employing an active region of 5 AlGaInAs quantum wells surrounded by InP n-and p-doped cladding regions. 2.5-µm-wide ridge waveguides were formed by inductively coupled plasma etching using Cl 2 /N 2 gas. The slots are etched simultaneously with the ridge to a depth just into the waveguide core. The sidewalls are passivated with SiO 2 and an opening is made to the top of the ridge where a patterned Ti/Pt/Au electron-beam-evaporated ohmic contact is formed by lift-off lithography. The etched slot is sufficient to isolate the different longitudinal sections of the device allowing independent current injection. Following thinning of the substrate to 120 µm, an Au/Ge/Ni/Au contact is evaporated on to the n-type substrate. The devices are cleaved to the desired lengths and a single-layer antireflection coating applied to the facets.
Three current sources were used to independently inject current into the gain and two mirror sections of the laser. The device was mounted on a heat sink and held at a constant temperature of 20
• C using a thermoelectric cooling unit. The current injected into the central gain section is fixed at 100 mA. The currents into the front and back mirror sections were scanned between 10 and 100 mA with a step of 1 mA. The wavelength and peak power of the laser emission spectrum and the SMSR were recorded using an optical spectrum analyzer with a resolution bandwidth of 0.1 nm. Fig. 3(b) shows the fiber-coupled output power spectra under different current settings. Relatively large power variations can be seen mainly because the front mirror current has been changed significantly in the scan in order to fully explore the tuning characteristics of the laser. Fig. 3(b) shows a diagram of the wavelength peaks and their corresponding SMSRs. A discrete tuning behavior can be clearly seen over a tuning range of over 30 nm. With this experimental arrangement, a total of 13 discrete wavelengths can be accessed with a wavelength spacing around 3 nm, as expected for the present design. Eleven of the modes have an SMSR larger than 30 dB, except the first and eighth modes whose SMSR is around 20 dB. Fig. 4 shows a wavelength tuning map versus both mirror section injection currents. Discrete-mode hopping occurs at the boundaries of each different color section within this map. The threshold current is difficult to determine accurately as the device consists of three sections. However, when both mirror section injection currents are set for a particular mode, a threshold current of 56 mA in the gain section is observed. When all three sections are biased together, a threshold current of 146 mA is observed.
The continuous tuning characteristics of the modes due to change in injection current was investigated. The evolution of the SMSR versus wavelength of the first three discrete modes is shown in Fig. 5 . These modes exhibit a continuous tuning of 0.27, 0.51, and 1.1 nm, respectively, which allow for accurate setting of the laser to precise optical frequencies. The continuous tuning of these modes by current injection suggests that full carrier clamping does not take place in the mirror sections of this laser. In comparison, an SGDBR laser has a continuous tuning range of <0.4 nm for all discrete modes, which is limited by the longitudinal-mode spacing, although its quasi-continuous tuning range is much greater [17] , [18] . Fig. 6 shows the evolution of the wavelength and the associated SMSR due to thermal effects associated with a change of heat sink temperature from 5
• C to 25 • C; here, the temperature is varied linearly over this range increasing from left to right in Fig. 6 shown later. A continuous tuning of over 2 nm while maintaining an SMSR of over 30 dB is measured. The change in wavelength with temperature is in line with the change in the index of InP which is 1.9 × 10 −4 /K. 
IV. INTEGRATION OF AN OPTICAL AMPLIFIER
As observed, there is a tradeoff between the wavelength tuning range and variations in the output power due to the requirements on the injection current in the output mirror section. To both increase and to balance the output power between the different wavelength channels, a semiconductor optical amplifier (SOA) is desired. This is provided by monolithically integrating an SOA with the tuneable laser source. The SOA consists of a 645-µm-long waveguide section on the output section of the tuneable laser. The SOA waveguide is curved to meet the output facet at an angle of 6
• . This, together with an antireflection coating, is used to reduce backreflections into the laser section. The rear section of the laser is terminated by a 746-µm-long absorber section and an antireflection coated facet. This could also be used as an integrated photodetector. Fig. 7(a) shows a schematic of the integrated tuneable laser/SOA chip with four electrical sections. Fig. 7(b) shows the output characteristics of the device with seven wavelength channels spaced 400 GHz apart. The optical output power is significantly increased by the SOA with channel powers ranging from 10 to 14.2 dBm. All seven channels exhibit an SMSR greater than 30 dB with a maximum SMSR of approximately 40 dB.
Depending on the application of the wavelength tunable laser, only small variations of the output power of different wavelength channels can be tolerated. With the integrated SOA, power equalization of six of the seven wavelength channels was demonstrated. The power flatness achieved was 1 dB. However, this value is not determined by the SOA dynamic range but by the degree of control over the laser wavelength tuning. In this device, thermal crosstalk becomes significant due to the close proximity of laser and SOA with high drive current into the SOA. Heat generated in the SOA heats the front mirror of the laser, changing the local refractive index and, in turn, the mirror reflectivity spectrum and laser output wavelength. This means that changing the laser output power not only requires a change in the amplifier drive current but also reprogramming of the laser tuning currents. This adds an additional dimension to the laser control problem. The wavelength is controlled through a lookup table that links wavelength and output power with the required tuning and amplifier currents and which has to be acquired experimentally. Power equalization can be improved by increasing the amount of points used in the lookup table.
V. CONCLUSION
We have demonstrated discretely tunable single-mode lasers realized by a single epitaxial growth stage by etching a sequence of slots into a ridge waveguide and using the Vernier tuning mechanism. We have achieved single-mode lasing with access to 11 modes, all with SMSR of over 30 dB, up to 1.1 nm continuous tuning by carrier density tuning and over 2 nm by thermal tuning. The demonstration of the monolithic integration of the tunable laser with an SOA indicates that this platform has strong potential for use as an integrated transmitter in highvolume optical communications. 
